Germ granules are ribonucleoprotein complexes specifically segregated into germ cell lineages in diverse organisms. Recent studies indicate that multiple mechanisms are involved in the clearance of germ granules and their components in somatic cells in Caenorhabditis elegans embryos.
Introduction and context
In many organisms, cells of the germ lineage contain large ribonucleoprotein (RNP) complexes, generally called germ granules or germ plasm, which are believed to function in post-transcriptional gene regulation to contribute to germ cell specification and/or differentiation [1] . Considering the importance of the binary decision between germ versus soma, specific segregation of germ granules into germ lineage cells must be strictly regulated.
The nematode Caenorhabditis elegans provides an excellent model system to study germ granule segregation in early development: in C. elegans embryos, the germ lineage is separated from the soma through a series of four asymmetric cell divisions, during which germ granules (P granules) are sequentially partitioned into the germ lineage cells (Figure 1) . In recent years, components of P granules have been identified, and currently over 20 proteins (mostly RNA binding proteins) and some specific maternal mRNAs are known [2] . Among the protein components, P granule abnormality (PGL) proteins (PGL-1 [3] and PGL-3 [4] ) and germ-line helicase (GLH) proteins (Drosophila vasa homologs) [5] [6] [7] are present on P granules throughout development, whereas other components are transiently detected on P granules at certain periods of embryogenesis.
Live imaging of early embryogenesis revealed that segregation of P granules into germ lineage cells is achieved by a combination of mechanisms [8] : firstly, P granules are swept by the cytoplasmic streaming towards the side of the future germ blastomeres; secondly, P granules rapidly disappear in the cytoplasm destined for the somatic daughter and the resultant somatic cells. These observations led to a model in which there is a P granule stabilizing/destabilizing gradient along the axis of each germ lineage division, and the remnant P granules in the soma are rapidly disassembled and/or degraded [8] .
Major recent advances
Recent studies have uncovered some of the molecular details of the clearance mechanisms of P granule components from the soma in early C. elegans embryos.
DeRenzo et al. [9] showed that transient P granule components that have CCCH fingers (PIE-1, POS-1, and MEX-1) are degraded by the ubiquitin-proteasome system [10] . They observed that ZIF-1 (zinc finger interacting factor 1) directly binds to the CCCH finger of these proteins and targets them for soma-specific degradation ( Figure 1 ) via a cullin-dependent pathway that includes the ECS family of E3 ubiquitin ligases (elongin C, CUL-2, RBX-1) and the E2 ubiquitinconjugating enzyme UBC5. The soma-specific activation of the ZIF-1-dependent degradation system requires MEX-5 and MEX-6, the redundant CCCH finger proteins that accumulate in somatic cells; whereas the low levels of MEX-5/6 in germline blastomeres are achieved by the function of PAR-1 serine/threonine protein kinase [10] .
Interestingly, the loss of ZIF-1 function does not affect the asymmetric accumulation of PIE-1 in the cytoplasm on the side of future germline blastomeres in one-cell stage embryos (Figure 1 ), suggesting that another mechanism exists for PIE-1 exclusion from the somatic side, other than cullin-dependent degradation. Using quantitative live-cell imaging of GFP::PIE-1 and mathematical modeling, Daniels et al. [11] recently proposed a novel model in which the lower diffusion coefficient of PIE-1 on the posterior side (future germ blastomeres) than on the anterior side leads to a stable protein gradient across the zygotes. Based on the correlation of the posterior distribution of P granules and PIE-1, they went on to speculate that P granules may act, at least in part, to slow the diffusion of PIE-1 through the surface association, possibly via their RNA components. Further studies are awaited to experimentally examine this hypothesis. It will also be of interest to see whether this heterogeneous reaction/diffusion model contributes to the PIE-1 exclusion from the somatic cells after the two-cell stage, in combination with the proteasomedependent degradation.
Since the loss of ZIF-1 function does not affect the somatic degradation of other P granule components that do not contain CCCH fingers (for example, PGL-1), the ZIF-1-dependent degradation system accounts for only part of the P granule clearance in the soma. The question remains, however, as to how other P granule components degraded.
Recent work by Zhang et al. [12] provided evidence that autophagy is involved in the elimination of some of the constitutive P granule components (PGL-1 and PGL-3) in somatic cells during C. elegans embryogenesis (Figure 1) . Autophagy is the intracellular catabolic mechanism for degradation of cellular components via the formation of a double-membrane structure called the autophagosome, which delivers a portion of the cytoplasm or organelles to lysosomes for degradation [13] . Zhang et al. [12] found that GFP::PGL-1 ectopically formed aggregates (PGL granules) in the somatic cells in embryos with mutations of the autophagy pathway (lgg-1 (homolog of yeast atg8), lgg-2/atg8, lgg-3/atg12, atg-3, atg-4.1, and atg-7). They further genetically identified SEPA-1 (suppressor of ectopic P granule in autophagy) mutants; SEPA-1 is required for the formation of PGL granules in these autophagy mutants. In sepa-1 mutant embryos, both PGL-1 and PGL-3 are diffused and persistent in the somatic cytoplasm ( Figure 1) ; thus, SEPA-1 is required for PGL protein degradation in the wild-type environment. SEPA-1 directly binds to PGL-3 and self-aggregates; PGL-1 appears to be recruited to these aggregates through binding with PGL-3. Since SEPA-1 also binds to LGG-1, SEPA-1 appears to function as an adaptor protein that delivers PGL proteins to the autophagy pathway for their degradation.
Although PGL granules are formed in somatic cells in autophagy mutant embryos after about the 16-cell stage, these somatic cells show no sign of transformation into germ cell fates, suggesting that these ectopic granules cannot function as germ cell fate determinants. Indeed, other constitutive P granule components (GLH-1 and GLH-4) are not detectable on these granules. Whether GLH proteins and other P granule components undergo controlled degradation in the soma is currently unclear.
Future directions
Collectively, these studies revealed the multiple layers of mechanisms for the clearance of P granules and their components in somatic cells during early C. elegans embryogenesis. Since remnants of functional germ granules in the soma would be potentially detrimental to animal development, mechanisms for the rapid and thorough removal of germ granules might be necessary. Obviously, there are still many unanswered questions. How are other P granule components (for example, GLH proteins) cleared in somatic cells and are other specific E3 ubiquitin ligases involved? What are the molecular mechanisms of P granule stabilization in the germ lineage and destabilization in the soma? It will also be Figure 1 . Phenotypes of the mutants defective in P granule degradation in the soma Blue: The CCCH finger proteins (PIE-1, POS-1, MEX-1). These proteins transiently localize on P granules and are also dispersed in the germ cell cytoplasm in the wild type. In zif-1(RNAi) embryos, their degradation in the soma is defective (asymmetry of PIE-1 in the one-cell embryo is unaffected). Green: PGL-1 and PGL-3, constitutive components of P granules. In the wild type, their localization is limited to P granules in the germ lineage. In autophagy mutants (for example, lgg-1), ectopic PGL granules are formed in somatic cells after about the 16-cell stage. In the sepa-1 mutants, PGL-1 and PGL-3 are dispersed in the somatic cytoplasm.
interesting to see whether the mechanisms of germ granule clearance from the soma described here are utilized by other organisms.
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